Introduction
Entrapment and release of various bioactive agents-including low molecular weight drugs, proteins, and cells-from patterned microand nanomaterials are critical for the creation of sophisticated bioactive surfaces for multiple biomedical applications. [1] [2] [3] [4] [5] [6] Spatial control over ligand presentation and soluble factor release are important features for the realization of biomimicry and recapitulation of complex cell-microenvironment interactions. [7] [8] [9] [10] [11] Electropolymerization is ideally suited for this purpose because it is a mild encapsulation procedure that enables high retention of the activity of a labile encapsulated species. [2, [12] [13] [14] Due to this feature, this technique has been routinely used in biosensor fabrication for the encapsulation of active enzymes or cells within a porous polymer network for small molecule sensing. [12, 15, 16] Removable or adherent films can be created in this manner, [17] and polymers used in these applications, typically polypyrrole or other conductive derivatives, have demonstrated biocompatibility in vitro [14, 15] and in vivo. [17, 18] Lithographic processing techniques have been used by a number of groups to pattern electrodeposited polymers, although neither sustained release of bioactive agents nor release of bioactive compounds that stimulate cellular function from such polymers has been explicitly demonstrated. [8] [9] [10] 13, 19] We hypothesized that lithographical processing, in conjunction with polymer electropolymerization in the presence of active agents, could be used to address this shortcoming. Here, we describe this Bioactive, patterned micro-and nanoscale surfaces that can be spatially engineered for three-dimensional ligand presentation and sustained release of signaling molecules represent a critical advance for the development of nextgeneration diagnostic and therapeutic devices. Lithography is ideally suited to patterning such surfaces due to its precise, easily scalable, high-throughput nature; however, to date polymers patterned by these techniques have not demonstrated the capacity for sustained release of bioactive agents. Here a class of lithographically defined, electropolymerized polymers with monodisperse micro-and nanopatterned features capable of sustained release of bioactive drugs and proteins is demonstrated. It is shown that precise control can be achieved over the loading capacity and release rates of encapsulated agents and this aspect is illustrated using a fabricated surface releasing a model antigen (ovalbumin) and a cytokine (interleukin-2) for induction of a specific immune response. Furthermore, the ability of this technique to enable threedimensional control over cellular encapsulation is demonstrated. The efficacy of the described approach is buttressed by its simplicity, versatility, and reproducibility, rendering it ideally suited for biomaterials engineering.
methodology for the creation of precisely patterned polymers loaded with small molecule agents such as drugs, macromolecules such as proteins, and cells. The attractiveness of this approach lies in the spatial control afforded by lithography, which enables the fabrication of monodisperse systems. Thus, when used in concert with electropolymerization, which enables the creation of multilayered structures, control over the spatiotemporal release of molecules can be achieved by a robust fabrication process.
Electropolymerization proceeds by free radical polymerization of dissolved monomers, which is initiated by electric potentialinduced oxidation or reduction at the conductive surface. [11, 16] Pyrroles (Fig. 1A) yield conducting polymers [12, 17] while acrylates (Fig. 1B) produce relatively insulating polymers. [20, 21] Molecules containing these electropolymerizable groups, in addition to reactive, [22] degradable, [23, 24] or amphiphilic [25] moieties, can be polymerized to yield polymers with specific properties and activities. Monomers used in this study are shown in Table 1 . Deposition time and electric potential can be tuned to afford precise control over polymer thickness, ranging from the nanoscale to micron thick surfaces. By patterning an insulating layer of photoresist on the chip surface, the lateral dimensions of the electropolymerization reaction are confined to the exposed conductive areas. [14] Thus, sequential electropolymerizations of polymers with different release profiles incorporating different molecules or macromolecules can yield surfaces with precise spatiotemporal control over multiple molecules.
Combining Electropolymerization with Lithography for the Fabrication of Micro-and Nanopatterned Surfaces and Particulates
Patterned electropolymerized surfaces can be achieved by the steps depicted in the schematic shown in Figure 1C -F. Photoresist is first patterned on a conductive substrate, Figure 1C , and a gasket placed on the slide is used to form a reservoir into which the electrodeposition solution is added, Figure 1D . The conducting surface serves as the working electrode and the counter-electrode is placed in the solution. Induction of the electric potential results in electropolymerization of dissolved monomers on exposed areas of the chip, Figure 1E . Thus, molecules are encapsulated during the polymerization process, which occurs in a buffered aqueous solution, resulting in significant retention of bioactivity. Subsequent removal of the electrodes and gasket followed by chip washing, drying, and photoresist stripping yields a patterned polymer. For particulate fabrication, the patterned polymer is simply removed from the chip with compressed air, Figure 1F . Particles can also be removed in this way with the photoresist still in place, Supporting Information Figure S1A and B, enabling mold reuse, a critical feature for electron-beam (E-beam) lithography, since the required E-beam resist cannot be easily removed. [26] A significant advantage of this method is that it facilitates batch processing-here, chips (a single gasket on a chip is used in the schematics for illustration purposes) attached to a working electrode can be repeatedly used and processed with the same deposition solution resulting in negligible loss of bioactive encapsulant, since the solution can be continuously reused. Particle lateral dimensions can be controlled by resist patterning, while height can be adjusted by deposition time. The scanning electron micrographs in Figure 2 illustrate this point, depicting control over the fabrication of micro-and nanoscale monodisperse particles using this technique. By varying lithographic dimensions and the duration of electropolymerization, different particle geometries and sizes as small as lithographically attainable ($10-20 nm using E-beam lithography), shown to be important for drug delivery applications, [13, 27] can be precisely engineered.
Control Over Encapsulation and Release of Small-Molecule Drugs and Analogs from Electrodeposited Polymers
To assess the capacity of electrodeposited polymers for encapsulation and release of molecules, fluorescent dyes were used as model drugs. A fluorescent micrograph of 1-mm-diameter poly-2-methylene-1,3-dioxepane (4, Table 1 ) [24] particles encapsulating the dye AlexaFluor 568 prior to removal from the chip is shown in Figure 3A . Monodispersity of the particles produced was assessed www.afm-journal.de Not shown in the schematic is a third, silver/silver chloride reference electrode, which is also placed in the solution. E) During electropolymerization the black polypyrrole film is deposited only on the exposed ITO. F) After gasket removal the patterned polymer can be released from the slide with compressed air. Although the photoresist is shown to be stripped in the image, this step is not required for particle removal, enabling templates to be reused.
by dynamic light scattering (Fig. 3B) , and is consistent with those produced by other lithographic methods. [19] Release of sulforhodamine (a hydrophilic dye) from polypyrrole films was strongly dependent on the oxidation potential used for the electropolymerizations (Fig. 3C ). By tuning this parameter, both the mass released and the release profile can be adjusted, facilitating flexible controlled release of the molecules. Loadings in the polymers must be estimated because polypyrrole cannot be degraded, preventing precise experimental determinations. For this reason, all dataplots show cumulative mass released. Profilometry was used to determine film thicknesses, and loadings are estimated in the text and figure legends based on these values and the concentration of encapsulant present in the elctropolymerization solution. Sulforhodamine loading of the film polymerized at 0.7V was calculated to be 2.24 mg, indicating that incorporated molecules can diffuse out of the polymer and that loading can be controlled by varying the starting drug concentration. The thicknesses of the three films grown at different potentials ( Fig. 3C ) are similar (AE0.4 mg), thus loadings should be similar as well. These data suggest, therefore, that the potential has a critical effect on polymerization and enables temporal control over release profiles. Additionally, varying the dopant from adhesion-promoting sodium dodecylbenzenesulfonate (NaDBS) to removable polystyrene sulfonate (PSS) [17] for a set oxidative potential (0.7 V) has a minimal effect on loading and release, Supporting Information Figure S2B . Taken together, these data show that the variables governing release from electropolymerized films can be easily controlled using this method, suggesting that multiple patterned films or multilayered films can be fabricated and made to release multiple molecules at different rates.
Temporal Control over the Release of Multiple Molecules
We exploit the previously described temporal control over release by fabricating particles consisting of two polypyrrole layers, one electropolymerized at 0.7 V encapsulating AlexaFluor 488 and the second at 1.1 V encapsulating AlexaFluor 568. We used PSS as the www.afm-journal.de 
bis (propane-3,1-diyl)) bis(1H-pyrrole) [25] 2 N-(3-aminopropyl) pyrrole [22] 3 Pyrrole-functionalized alginate [22]
Acrylic acid [21] dopant in both layers, enabling the fabricated 1-mm-diameter particles to be released from the surface. The release profiles of the two fluorophores from these particles are shown in Figure 3D and are similar to the corresponding datasets in Figure 3C , demonstrating control over the release of different species at different rates, an important feature for applications involving combination therapies.
To establish the utility of this approach for encapsulation and release of small therapeutic drug molecules, we employed doxorubicin, a broad-spectrum fluorescent chemotherapeutic widely used in clinical settings for a variety of conditions. [28] Sustained release of this small molecule was observed from particles over seven days, Figure 3E , consistent with release studies of the fluorophores. To assess the effect of the encapsulation procedure on the activity of the drug, we compared the cytoxicity of the released drug and free drug (not encapsulated) on a B cell lymphoma model in vitro. Compared to doxorubicin-loaded particles, blank polypyrrole particles have no cytotoxic effect on the cells over a time period of 24 hours at the doses used in this study, Figure 3F , indicating polypyrrole biocompatibility. [14, 17, 18] Cytotoxicity of the drug-loaded particles was comparable to free drug, demonstrating that the encapsulation process retained the bioactivity of the free drug. This spatial control over lateral dimensions afforded by electropolymerization, together with its ability to deposit multicomponent stacks, renders the technique ideal for many delivery applications.
Creation of Complex Surfaces Regulating Cell-Cell Interactions via Ligand Patterning and Release of Signaling Molecules: An Artificial Vaccine Node
Spatial regulation over cell adhesion and cellcell interactions, in concert with the exposure of cells to soluble factors, would provide a fundamentally important technology useful for a wide array of basic science studies and biomedical applications of materials. We next examined the ability of our system to enhance cell-cell interactions by controlling both patterned surface-bound ligand presentation and local factor release. We created a ''smart,'' adaptable, vaccine-like surface that activates dendritic cells (DCs) to prime an antigenspecific T-cell response. Appropriate antigenspecific T-cell activation requires the interaction of these cells with activated DCs presenting the desired antigen (here ovalbumin, OVA) in the presence of a cytokine molecule (here interleukin-2, IL-2), [29] thus a surface capable of spatial control over delivery of both OVA and IL-2 is required. We modeled our patterned surface using cues from lymph node architecture, [30] which optimizes DC-T-cell www.afm-journal.de interactions. The schematic in Figure 4A illustrates the organization of our multipolymer surface. The central 100-mm-diameter circular region binds and stimulates T-cells by presenting anti-CD3, an antibody that binds and crosslinks the CD3 antigen receptor present on all T-cells, while simultaneously releasing the co-stimulant IL-2 in a paracrine fashion. [29] The surrounding region releases OVA and promotes DC binding by presenting antiCD11c, an antibody that binds the CD11c adhesion ligand present on DCs. Devices consist of arrays of 50 Â 50 T-cell binding regions.
Fabrication of this complex multicomponent surface requires the sequential electrodeposition of two patterned polymers, each capable of releasing an encapsulated protein (OVA or IL-2) and presenting a bound antibody (anti-CD3 or anti-CD11c). Critically, polyacrylates were the first electrodeposited polymer to ensure these regions were sufficiently insulating such that electrodeposition of the second polymer, performed after photoresist removal, occurred only in surrounding areas and not over the first polymer. [20, 21, 24] To demonstrate the applicability of electropolymerized films in releasing proteins, we used a fluorescently tagged albumin (BSA-FITC) as a model protein and monitored its release from the polymer over three days. We observed that polypyrrole is capable of BSA-FITC release over this time period, Figure 4B . Previous studies by Mousty et al. showed that the ampiphilic, bifunctional crosslinker 1,1 0 -(3,3 0 -(2,2 0 -oxybis(ethane-2,1-diyl)bis(oxy))bis(propane-3,1-diyl)) bis(1H-pyrrole) (1, Table 1 ) significantly increased the encapsulation of glucose oxidase in electropolymerized films, [25] thus use of this molecule would be expected to improve loading. As seen in Figure 4B , the 1:1 polypyrrole/poly-1 significantly increased BSA-FITC loading and also improved the release characteristics of the film. The calculated BSA-FITC loading in polypyrrole/poly-1 film is 4.3 mg, suggesting that $29% of encapsulated proteins are released. This multicomponent polymer is also capable of releasing bioactive IL-2 in quantities required for T cell stimulation [29, 31] over three days, Figure 4C . The $27% of encapsulated IL-2 released within three days is consistent with the amount of BSA-FITC released, indicating the robustness of the technique in encapsulation of protein molecules. Poly-4 films are also capable of releasing encapsulated BSA-FITC and IL-2 over seven days, Supporting Information Figure S4C -D. By including monomers with reactive sidegroups (such as N-(3-aminopropyl) pyrrole, 2, and acrylic acid, Table 1 ) during www.afm-journal.de .1 ratio) in the periphery. The scale bar represents 100 mm. E) Fluorescent optical micrograph (FITC and TRITC filters) and brightfield overlay of cellular localization of B3Z (stained red) and DC2.4 (green) cells after 72 h incubation with chip described in the text. The array points are polypyrrole/poly-1/poly-2 and the scale bar represents 100 mm. F) IFN-g release from stimulated B3Z cells measured by ELISA. The blank chip consisted of polymers presenting no surface molecules and with no encapsulants that were incubated with cells in the presence of IL-2 previously treated with OVA. The chipþIL-2þOVA was a fully-formed device encapsulating IL-2 and OVA and presenting both anti-CD3 and anti-CD11c. Cells incubated with these devices were not pre-treated with OVA and no exogenous IL-2 was added. Cells alone were incubated similarly to the other groups but without the presence of a chip, IL-2, or OVA. Cellular stimulation from the loaded and blank chips was statistically significant at the 99.9% confidence level (CL). Error bars represent the mean AE 1 standard deviation. electropolymerization and antibody-monomer conjugates, we created films capable of protein release and ligand presentation (see the Supporting Information).
Next we verified that our platform could be used to activate T-cells (B3Z) via DCs (DC2.4) presenting model antigens. OVA was encapsulated in the polyacrylate layer (1:0.1 ratio of 4: acrylic acid) and anti-CD11c was bound to the surface. The central polymer (1:1:0.1 ratio of pyrrole:1:2-anti-CD3) was loaded with IL-2 (see the Supporting Information). Despite the spatial segregation of bound antibodies (Fig. 4D) , fluorescence imaging after three days of incubation revealed that both cell populations (B3Z and DC2.4) were predominantly present on the polypyrrole islands, Figure 4E . Both cell populations migrated to the central regions when the polymers were reversed, Supporting Information Figure S6A , suggesting that IL-2 stimulation of T-cells may have enhanced production of chemotactic factors by T-cells, [32] propelling the DCs away from the anti-CD11c and towards the IL-2-rich islands. More importantly, the platform was highly effective at stimulating B3Z cells (which are specific to the DC presenting the OVA antigen) as indicated by interferon-g (IFN-g) secretion [31] well above nonstimulated controls after three days, Figure 4F . The device additionally outperformed a control device consisting only of electrodeposited polymers (no proteins) to which DCs previously treated with OVA were added. This finding indicates that the local delivery of OVA to DCs via anti-CD11c sequestering to the antigen presenting substrate led to antigen-specific immune responses. These results are consistent with previous findings from our laboratory, which show that T-cell stimulation is substantially enhanced by paracrine IL-2 delivery from anti-CD3-functionalized microparticles [29] and from surfaces capable of presenting high densities of T-cell stimulating ligands in clusters. [33] By creating a surface capable of both high-density ligand presentation and soluble factor paracrine delivery, we can effectively stimulate lymphocytes against a variety of antigens, positioning this technology as a significant advance for the creation of substrates for enhancing ex vivo expansion of lymphoctyes for adoptive immunotherapy applications or vaccine platforms. [34] 
Cell Encapsulation in Electropolymerized Materials
Administering cells as therapeutics is a very promising new mode of therapy with a wide variety of clinical applications (e.g., cancer, regenerative medicine). Thus, materials capable of encapsulating cells and providing a controlled microenvironment are crucial for the effectiveness of cell therapies. [7, 35, 36] To demonstrate the applicability of the technique for cellular encapsulation important for tissue engineering applications, we utilized alginatepyrole conjugates (3, Table 1 ). Alginate-pyrrole conjugates have previously been demonstrated to be electropolymerizable, [22] and we chose this modified polymer for cellular immobilization studies, given the demonstrated utility of alginate in tissue engineering applications. [5, 37] Using BSA-FITC as a model protein, we first demonstrated that poly-3 hydrogels, which are > 1 mm in thickness, are capable of sustained BSA-FITC release and release profiles can be readily controlled by post-electropolymerization crosslinking with divalent calcium or zinc, [38] Figure 5A . Next, we demonstrate the ability of poly-3 gels to immobilize NIH 3T3 cells and human primary osteoblasts. After cellular entrapment, the hydrogels were further crosslinked with calcium chloride at 37 8C. Live/dead staining confirmed that cell viability is not compromised by electropolymerization with PSS as the dopant, Figure 5B and C. A viability assay demonstrated that cells of both types could be immobilized under such conditions with a negligible (<5%) loss in viability, Figure 5D . This demonstrated ability to entrap live cells, in concert with the three-dimensional control www.afm-journal.de . All hydrogels were fully dissolved within five days, thus released masses correspond to 100% of encapsulated masses. B-C) Fluorescent micrographs (FITC filter) showing live osteoblasts immobilized in poly-3 hydrogels by electropolymerization. After cellular immobilization the gels were further crosslinked with 0.2 M Ca 2þ at 37 8C and the scaffolds were subsequently incubated in media for a day at 37 8C. Live/dead cell staining was performed on B, primary or C, immortalized (3T3) osteoblast samples prepared similarly to those in B. The insets are fluorescent micrographs (TRITC filter) showing dead cells. The insets were taken with the same exposure time. The scale bar represents 100 mm and the inset scale bar represents 100 mm. D) Cytotoxicity results for 3T3 and primary osteoblasts immobilized in hydrogels fabricated as described in A. The results were normalized to cells plated in twodimensions and treated similarly. Error bars in all plots represent the mean AE 1 standard deviation. All experiments were repeated three times with similar results.
afforded by electropolymerization, opens the potential for future studies to demonstrate the creation of complex scaffold geometries.
Conclusions
Control over patterns of ligand presentation and release of soluble factors from biocompatible material surfaces is a long sought-after capability for multiple biomedical applications. In this Full Paper, we demonstrate the utility of electropolymerization in the flexible fabrication of biomaterials for delivery of small molecules and macromolecules and cellular therapeutic applications. The power of this approach is its simplicity and versatility in addition to its amenability to scaling and manufacturability. Thus, the scaling of fabricated particles and multi-component surfaces to any dimension is trivial and arrays of engineered micro-and nanostructures for multiple applications can be easily created.
Traditional methods for encapsulation of labile products, such as proteins and small molecule drugs, often require conditions that result in deactivation or denaturing of the encapsulated agent. Additionally, particulate size dispersity, encapsulation efficiency, and release rates are difficult to control using conventional techniques. Given these limitations, widespread application of particulate preparations and delivery of therapeutic products such as cells and proteins have met with many challenges. Clearly, a facile technique that can be easily implemented based on scalable conventional lithographic approaches and utilizing mild encapsulation conditions is highly desirable. The mild conditions and batch nature of processing using the technique presented in this work results in negligible loss of encapsulant during the encapsulation procedure and indeed makes feasible the entrapment of labile molecules in polymer particulates. This technology additionally enables the immobilization of living cells in electropolymerized hydrogels, rendering the three-dimensional control over cell patterning crucial for many cellular therapy applications possible. Furthermore, the spatiotemporal control over encapsulation and release of multiple agents ranging from small molecules to cells demonstrated here is ideally suited for combination therapies, in which multiple agents, such as small molecules drugs and proteins, are administered to achieve significant therapeutic outcomes.
Experimental
Materials: Pyrrole, acrylic acid, doxorubicin, sulforhodamine, BSA-FITC, and all other chemicals, unless otherwise noted, were purchased from Sigma. AlexaFluor dyes were purchased from Invitrogen. Alginate was purchased from EMC BioPolymer.
Chemical Syntheses: The Supporting Information contains a detailed description of chemical syntheses performed in this study.
Lithographic Processing: All lithographic processing was performed in the Yale Center for Microelectronic Materials and Structures and the Harvard Center for Nanoscale Systems cleanrooms. All chemicals used for lithographic processing were cleanroom grade. Platinum (99.99%, Kurt J. Lesker Co.) and gold (99.999%, Kurt J. Lesker Co.) depositions were performed using a Sharon Systems electron-beam evaporator on 2-and 4-inch silicon wafers (Silicon Quest International), which were used for studies requiring adherent films. ITO-coated glass slides (Sigma) were cut into 1 inch Â 1 inch squares for processing and were used for all in vitro studies. Clariant AZ5214-E and AZ5218-E photoresists (MicroChem) and an EV Group 620 mask aligner were used for pattern definitions. We found that S1808 and S1813 (MicroChem) did not effectively withstand electropolymerization. Photomasks were purchased from Photo Sciences or Benchmark Technologies. PMMA 950 A4 (MicroChem) was used for Ebeam processing using a JEOL 6400 SEM converted to perform direct write.
Electrodepositions: A Gamry Femtostat was used for all electrodepositions, which were performed in a 5 mL vial into which the counter (Pt, Earnest Fullham Inc.) and reference electrodes (Ag/AgCl) were inserted. The reference electrode was fabricated by cathodic deposition of Cl À (from a saturated NaCl solution) on Ag wire (Earnest Fullham Inc.). The working electrode was clipped to an exposed, conductive region of the chip and was inserted into a 2 mL plastic vial. The use of an electrodeposition vial enabled batch processing, minimizing loss of encapsulants. Depositions were performed by constant-voltage amperometry to enable mass calculations. Depositions of pyrrole and pyrrole-terminated monomers were performed at 0.7-1.4 V and depositions of acrylate-terminated monomers were performed at -1.7 V. Electrodepositions were performed serially, thus each datapoint represents a separate ''batch.'' Details of the layered particle and multicomponent chip fabrication are included in the Supporting Information. IL-2 was a generous gift from the S. Wrzesinski and R. Flavell laboratories.
Release Studies: Release studies were performed in the dark at 37 8C with constant agitation. Phosphate buffered saline (PBS, 1X; Sigma) was used for all studies except those performed on poly-3, for which PBS with Ca 2þ and Mg 2þ (Sigma) was used. At each time point the complete volume was removed and replaced with fresh buffer. Samples with particles were centrifuged prior to buffer removal. Fluorescence measurements were taken with a Beckman Coulter platereader and IL-2 and IFN-g ELISAs (BD Biosciences) were performed according to the manufacturer's instructions.
Cytotoxicity Assays: Cell titer blue (Invitrogen) was used as a cell viability marker according to the manufacturer's instructions. CHO cells were incubated at 37 8C in DMEM (Gibco) with 10% fetal calf serum and 2% penicillin/streptomycin with or without serial dilutions of particles for 24 h after which the cell titer blue reagent was added (20 mL per 100 mL volume). The cells were incubated for 4 h at 37 8C after which they were pelleted and the fluorescence of the supernatant was measured. A serial dilution of cells was used as the control to quantify numbers of cells. All samples were run in triplicate.
Bioactivity assay: Cumulative releases of 24, 48, and 72 hours of IL-2-loaded 1:1 polypyrrole/poly-1 films were performed in complete media [RPMI media (Gibco) with 10% (v/v) fetal bovine serum (Atlanta Biological) and 2% (v/v) penicillin/streptomycin (Sigma) supplemented with L-glutamine (Sigma), non-essential amino acids (Gibco), Hepes buffer (Sigma), gentamicin (Sigma), and b-mercaptoethanol (Sigma)]. Splenocytes were isolated from a C57BL/6 mouse and 1 Â 10 6 cells were added in 500 mL T-cell media to each well of a 24-well plate previously coated with 10 mg mL À1 anti-CD3 (BD Biosciences, coated in PBS overnight at 4 8C). The media from release studies was filtered through a 0.22-mm syringe filter (Whatman) and 500 mL was added to the wells. All wells additionally contained 5 mg mL À1 soluble anti-CD28 (BD Biosciences). Soluble IL-2 was added in varying concentrations to control wells to create a standard. Cells were incubated at 37 8C and cellular stimulation was assessed after 72 hours using an IFN-g ELISA (BD Biosciences). IFN-g production was correlated with IL-2 concentration to determine bioactivity.
T-cell Activation Studies: 5Â 10 5 DC2.4 and 5 Â 10 5 B3Z cells (T hybridoma cells specific for the OVA peptide OVA 257-264 ) were cultured on UV-sterilized devices in each well of a 12-well plate in RPMI media with 10% fetal calf serum and 2% penicillin/streptomycin. Where applicable, exogenous IL-2 (50 ng per well; BD Biosciences) and OVA (2 mg per well; Sigma) were added to the media. At 72 hours, supernatant was analyzed for IFN-g by ELISA. Each sample was performed in triplicate. For imaging studies, DC2.4 cells were loaded with carboxyfluorescein diacetate, succinimidyl ester (CFDA-SE; Molecular Probes) according to the Cell Tracer Kit specifications prior to use. Post-incubation, devices were washed in 1X PBS, incubated for 1 hour on ice in 2 mg ml À1 CD8-PE (BD Biosciences), washed thrice in 1X PBS for 5 minutes, and fixed for 20 minutes in 4% paraformaldehyde. Devices were mounted on cover slips with hard-set Vectashield for visualization by fluorescence microscopy.
